Although genetic imprinting was discovered in maize 40 years ago, its exact extent in the triploid endosperm remains unknown. Here, we have analyzed global patterns of allelic gene expression in developing maize endosperms from reciprocal crosses between inbreds B73 and Mo17. We have defined an imprinted gene as one in which the relative expression of the maternal and paternal alleles differ at least fivefold in both hybrids of the reciprocal crosses. We found that at least 179 genes (1.6% of protein-coding genes) expressed in the endosperm are imprinted, with 68 of them showing maternal preferential expression and 111 paternal preferential expression. Additionally, 38 long noncoding RNAs were imprinted. The latter are transcribed in either sense or antisense orientation from intronic regions of normal protein-coding genes or from intergenic regions. Imprinted genes show a clear pattern of clustering around the genome, with a number of imprinted genes being adjacent to each other. Analysis of allele-specific methylation patterns of imprinted loci in the hybrid endosperm identified 21 differentially methylated regions (DMRs) of several hundred base pairs in length, corresponding to both imprinted genes and noncoding transcripts. All DMRs identified are uniformly hypomethylated in maternal alleles and hypermethylated in paternal alleles, regardless of the imprinting direction of their corresponding loci. Our study indicates highly extensive and complex regulation of genetic imprinting in maize endosperm, a mechanism that can potentially function in the balancing of the gene dosage of this triploid tissue.
Although genetic imprinting was discovered in maize 40 years ago, its exact extent in the triploid endosperm remains unknown. Here, we have analyzed global patterns of allelic gene expression in developing maize endosperms from reciprocal crosses between inbreds B73 and Mo17. We have defined an imprinted gene as one in which the relative expression of the maternal and paternal alleles differ at least fivefold in both hybrids of the reciprocal crosses. We found that at least 179 genes (1.6% of protein-coding genes) expressed in the endosperm are imprinted, with 68 of them showing maternal preferential expression and 111 paternal preferential expression. Additionally, 38 long noncoding RNAs were imprinted. The latter are transcribed in either sense or antisense orientation from intronic regions of normal protein-coding genes or from intergenic regions. Imprinted genes show a clear pattern of clustering around the genome, with a number of imprinted genes being adjacent to each other. Analysis of allele-specific methylation patterns of imprinted loci in the hybrid endosperm identified 21 differentially methylated regions (DMRs) of several hundred base pairs in length, corresponding to both imprinted genes and noncoding transcripts. All DMRs identified are uniformly hypomethylated in maternal alleles and hypermethylated in paternal alleles, regardless of the imprinting direction of their corresponding loci. Our study indicates highly extensive and complex regulation of genetic imprinting in maize endosperm, a mechanism that can potentially function in the balancing of the gene dosage of this triploid tissue. G enetic imprinting is an epigenetic phenomenon known in higher plants and mammals by which a subset of genes is expressed in a parent-of-origin-dependent manner. In plants, the triploid endosperm is the primary tissue where gene imprinting occurs (1). The importance of imprinted genes on endosperm development has been well illustrated from the pioneering studies of imprinted genes such as MEA and FIS2 (2-7) (see recent reviews; refs. 8 and 9) in Arabidopsis.
Hundreds of imprinted genes were identified in mammals, with many of them clustered together and reported to associate with a variety of complex disorders or to play important roles in embryonic and brain development (10, 11). Meanwhile, a number of imprinted noncoding RNAs, such as kcnq1ot1 antisense noncoding RNA and Air noncoding RNA (12, 13), were reported to participate in the developmental regulation of imprinted expression of protein-coding genes and to act on transcriptional silencing. Recent studies in Arabidopsis and rice suggest that there exist a large number of imprinted genes in plants as well (14-17) .
Although genetic imprinting was first discovered in maize (18), so far there are only seven gene-specific imprinted genes reported in maize (including Fie1, Fie2, Peg1, Nrp1, Mez1, Meg1, and Mee1) (9), most of which are preferentially expressed in the endosperm. All except Peg1 show maternal-specific expression (19). However, the exact extent of genetic imprinting in maize endosperm has not been explored.
DNA methylation is known to be involved in the regulation of some imprinted genes. Differential methylation between the paternal and maternal alleles in the endosperm is shown to correlate with allele-specific gene expression of several imprinted genes in both Arabidopsis (HDG3 and HDG9) and maize (Fie1 and Mez1) (19-24), although DNA methylation does not always correlate with the allelic expression of imprinted genes (20, 21) . Screening of differentially methylated regions (DMRs) between embryo and endosperm resulted in the identification of five imprinted genes in Arabidopsis (22). Mutation of genes responsible for methylation maintenance (MET1) or demethylation (DME) had effects on a subset of imprinted genes in Arabidopsis (14, 25) .
Upon analysis of large-scale sequencing data of maize endosperm transcriptomes, we found the extent and complexity of gene imprinting in maize endosperm is much more than previously anticipated. Our study provides a comprehensive analysis of imprinted noncoding RNAs and the discovery that imprinted loci (protein-coding genes and noncoding transcripts) can often cluster together in the maize genome. Allele-specific methylation analysis on hybrid maize endosperm has also resulted in the identification of a number of DMRs corresponding to both imprinted genes and noncoding sequences.
Results
Genome-Wide Scanning of Gene Imprinting. To accurately assess allelic expression patterns of maize genes in endosperm, we conducted mRNA-seq of 10 d after pollination (DAP) endosperm for the hybrids of reciprocal crosses (B73 × Mo17 and Mo17 × B73). A total of 149 million 100-bp paired-end reads (14.9 Gb) were obtained. Reads were mapped to the reference B73 genome (26) together with mRNA-seq data of inbreds B73 and Mo17 (see SI Appendix, Table S1 ) to call the SNP between them (SI Appendix, SI Methods). A total of 51,416 high-quality SNP sites (falling in 11,370 genes), which were covered by at least 10 sequencing reads from both reciprocal crosses, were identified and used to investigate allelic gene expression.
We first calculated the expression ratio between the maternal and paternal alleles at each SNP site in dissected endosperm tissue (SI Appendix, SI Methods). As expected, the majority of the 11,370 genes in 10 DAP endosperm exhibited a maternal to paternal ratio of 2:1 (SI Appendix, Fig. S1 ), consistent with the 
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Dear Editor,
Embryonic stem cell (ES cell) lines were first generated by culturing mouse inner cell mass (ICM) on feeder layers in 1981 [1] . However, in large domestic animals, attempts to establish ES cell lines from ICM of blastocysts or the later epiblast have not been successful. This has hindered the efficient production of genetically modified livestocks by using ES-based approaches. Recently, it was found that ectopic expression of various combinations of transcription factors is able to reprogram somatic cells to a pluripotent state [2] [3] [4] [5] . These induced pluripotent stem (iPS) cells show similarities to embryo-derived ES cells and can be used to produce viable mice through tetraploid complementation [6, 7] . So far, iPS cells of several mammalian species have been successfully generated [2, 3, [8] [9] [10] [11] [12] . In this letter, we report the first establishment of bovine iPS cells using defined transcription factors and a modified culture medium.
cDNAs coding for the bovine OCT4 (also named POU5F1), SOX2, KLF4, MYC, LIN28, and NANOG genes were cloned into pMXs retroviral vector. The pMXs plasmids containing human OCT4, SOX2, KLF4, and c-MYC genes were all purchased from Addgene. GP2-293 cells were used as the packaging cell line for retroviral production. Bovine fibroblasts used in this study were derived from an E55 Western Shandong Yellow cattle fetus. Three sets of factors, termed b4TF, b6TF, and h4TF, were used to transduce cells by overnight retroviral infection, respectively. Whereas the former two included only bovine factors (b4TF: bOCT4, bSOX2, bMYC, bKLF4; b6TF: bOCT4, bSOX2, bKLF4, bMYC, bLIN28, bNANOG), the latter employed only human factors (hOCT4, hSOX2, hc-MYC, hKLF4). On day 2, the infected cells were harvested by trypsinization and plated onto mitomycin C-treated MEF feeders at a density of 1 × 10 4 cells per 100-mm dish. The next day after being seeded onto feeders, growing cells were cultured in iPS media ( Figure 1A and Supplementary information, Table S1 ). Bovine iPS (hereinafter named biPS) cells with a mouse ES-like morphology were detected after ~3 Figure 1B) . On day 21-35, colonies were isolated mechanically using a 200 µl pipette and transferred to feeder-coated tissue culture dishes. The biPS cells were split with trypsin at a ratio of 1:10 every 4-5 days afterwards (Supplementary information, Data S1). A total of 26 b6TF-derived colonies have been expanded into biPS cell lines. These lines maintained good ES-like morphology for more than 16 passages. However, none of the colonies generated by b4TF or h4TF could be passaged more than six times. Importantly, we showed that the combination of six transcription factors (b6TF set) significantly increased the efficiency of iPS cell generation (by three-fold) compared to the other two combinations ( Figure 1C) .
We tested eight different types of biPS culture media (Supplementary information, Table S1 ) by assessing the numbers of ES-like colonies obtained from b6TF-transduced BEFs on day 28. Three out of the eight media could efficiently generate biPS cells (Supplementary information, Figure S1 ). Our results suggested that knockout serum replacement and basic fibroblast growth factor are optimal for biPS cell generation. In addition, we found that DMEM as basic medium could greatly improve the reprogramming efficiency. When DMEM is replaced with knockout DMEM, we observed decreased efficiency of ES-like colony formation (data not shown). In summary, the optimal culture medium for biPS cell generation is composed of DMEM supplemented with 20% knockout serum replacement, 2 mM l-glutamine, 1% non-essential amino acids, 0.1 mM β-mercaptoethanol and 4 ng/ml bFGF.
Karyotype analysis showed that our biPS cells maintained a normal karyotype: 60, XY. The pluripotent characteristics of our biPS cells were clearly not associated with accumulation of chromosomal abnormalities ( Figure 1D) . As revealed by quantitative PCR, expression of endogenous OCT4 and SOX2 was reactivated in our biPS cells ( Figure 1E ). We did not see any significant increase in endogenous NANOG expression (Supplementary information, Figure S2 ). Moreover, we noticed that the exogenous transgenes continued to be co-expressed 
Gene targeting is in widespread use as a gold standard for determining the function of genes in mice and human embryonic stem cells [1] . However, the poor efficiency of this technology has hindered its application to domestic animals, for which embryonic stem cells are not available. Although gene-targeted large domestic animals have been produced successfully by combination of homologous recombination-based targeting strategy and cloning [2] [3] [4] , the efficiency is very low and, more importantly, the disruption of the targeted gene is usually mono-allelic. It thus takes a long time to obtain a null mutant.
Engineered zinc-finger nucleases (ZFNs) are chimeras of a DNA-specific binding domain (Cys 2 His 2 zinc-finger protein) and a cutting domain (endonuclease Fok I) [5] . The ZFNs induce site-specific DNA double-strand breaks (DSBs) that can be repaired by error-prone non-homologous end-joining (NHEJ) DNA repair or by the errorfree homologous recombination pathway [6, 7] . The NHEJ repair process often results in targeted mutations in the form of nucleotide deletions or insertions, which can lead to frame-shift mutations. Thus far, ZFN-induced gene editing has been used in the fruit fly Drosophila [6] , the nematode Caenorhabditis elegans [8] , zebrafish (Danio rerio) [9] , cultured mammalian cells [10] , rats [11] and pigs [12] . Beta-lactoglobulin (BLG) is a major whey protein in cow's milk and has been shown to be one of the major milk allergens [13] . It is also an ideal locus in mammary gland bioreactors. We report here a successful application of ZFNs on BLG gene knockout in cattle ( Figure 1A and 1E) . Three pairs of ZFNs were tested in bovine fetus fibroblast cells (Supplementary information, Table S1 ). The BLG-set1 cut the targeting site efficiently and was thus selected for the following work, in which the mRNA of ZFNs was used in order to obtain cell colonies without ZFN plasmid integration. The mutation analysis was done by PCR amplification of the desired site using DNA templates extracted from mixed ZFNstransfected cells and from single colonies (Supplementary information, Figure S1 ). The PCR products were TA cloned and sequenced to determine the nature of the mutations and targeting efficiency. A total of 96 mutants for the BLG locus from both mixed cells and single colonies were analyzed. Over 80% of these mutants were short fragment deletions or insertions (< 20 bp) and, in some cases, the mutants had both deletions and insertions around the cleavage site ( Figure 1B) . Earlier work demonstrated that ZFNs spaced 6 bp apart leave mainly 4 bp 5′-overhangs [14] . In the BLG mutations, 4 bp insertions/ deletions, the typical products of NHEJ repair of ZFNsinduced DSB, are dominant.
High-efficiency disruption was achieved when the ZFNs of BLG-set1 were tested in different bovine cell lines (Supplementary information, Table S2 ). The mutation efficiency was similar among cell lines, except in cell line 0901, where a single-nucleotide polymorphism in the ZFNs-binding site caused a sharp drop of mutation efficiency. The mRNA of ZFNs worked slightly better than the plasmid but the difference was not significant.
To detect mutations in single-cell colonies, PCR products corresponding to the targeted site were sequenced directly. As shown in Figure 1C , the presence of double peaks after the targeting site in the sequencing curves clearly distinguishes mutants from non-targeted cells. For the BLG gene disruption, 18 mutant singlecell colonies were obtained, and two colonies (16 and 27) contained bi-allelic mutations. Colony 16 (9 and 15 bp deletions) and colony 27 (8 and 35 bp deletions) were used as nuclear donors for somatic cell cloning. A total of 8 cloned animals were born (Supplementary information, Table S3 ), and sequencing results confirmed that they were bi-allelic BLG mutants. However, six of them died soon after birth due to the commonly observed effect of somatic cell cloning (dysfunction of lungs or kidneys) and one died after a month. The remaining animals from colony 16 have lived a healthy life and are now 6 months old ( Figure 1E) . Nevertheless, the colony 16 (9 and 15 bp deletions, Figure 1D ) used in our study likely will not lead to frame shift mutations but should generate two
